A-enriched transcripts. Our biochemical studies indicate that YTHDC2 is an RNA-induced ATPase with a 3ʹ/5ʹ RNA helicase activity. Furthermore, YTHDC2 recruits the 5ʹ/3ʹ exoribonuclease XRN1 via Ankyrin repeats that are inserted in between the RecA modules of the RNA helicase domain. Our studies reveal a role for YTHDC2 in modulating the levels of m 6 A-modified germline transcripts to maintain a gene expression program that is conducive for progression through meiosis.
-methyladenosine (m 6 A) is the most abundant internal modification in messenger RNAs and a key mediator of gene expression control in organisms ranging from yeast to human and plants (Dominissini et al., 2012; Fu et al., 2014; Schwartz et al., 2013) . It is added co-transcriptionally (Knuckles et al., 2017; Slobodin et al., 2017) , in a sequence context RR(m 6 A)CH (R = A and G; H = A, C, and U), by the ''writer'' METTL3-METTL14 heterodimer (Liu et al., 2014; Wang et al., 2014b) , of which METTL3 is the active component ( Sled z and Jinek, 2016; Wang et al., 2016a Wang et al., , 2016b . Additional factors like the Wilms' tumor 1-associated protein (WTAP) (Liu et al., 2014; Schwartz et al., 2014) can refine location of methylation sites on targets, while factors like Drosophila Nito (Lence et al., 2016) or mammalian RBM15 (Patil et al., 2016) can specify target acquisition for the RNA methyltransferase complex. High-throughput mapping of m 6 A modification indicates that methylation is mostly found in the last exons (3ʹ UTRs) and enriched near stop codons (Ke et al., 2015; Meyer et al., 2012) . Nevertheless, m 6 A marks are also found in the 5ʹ
UTRs, where they are proposed to promote cap-independent translation (Meyer et al., 2015) . The m 6 A modification is potentially dynamic, as it can be reversed by ''erasers'' like nuclear demethylases fat mass and obesity-associated factor (FTO) (Jia et al., 2011) or AlkB homolog 5 (ALKBH5) (Zheng et al., 2013) . However, recent studies in cell culture models suggest that very few changes occur once the RNA is released from the genomic locus (Ke et al., 2017) . Nevertheless, impaired fertility in male Alkbh5 knockout mice suggests an essential role for m 6 A demethylation activity in physiological contexts (Zheng et al., 2013) . Studies indicate that m 6 A methylation is a reliable barometer of the transcriptional status of a gene locus, as reduced transcription rates allow increased methylation that spreads into the transcript body (and not restricted to the 3ʹ UTRs), which subsequently reduces translation of the transcript in the cytoplasm (Slobodin et al., 2017) . Stress conditions like heat shock (Knuckles et al., 2017; Meyer et al., 2015; Zhou et al., 2015) or DNA damage caused by ultraviolet radiation (Xiang et al., 2017) also lead to methylation of transcripts from specific gene loci, allowing management of stress responses and damage control. In addition, a number of studies have linked m 6 A to an essential role in development and fertility. Mouse embryonic stem cells lacking Mettl3 fail to differentiate, while Mettl3 mutant mice display embryonic lethality (Batista et al., 2014; Geula et al., 2015) . Loss of the ortholog Inducer of Meiosis 4 (IME4) in Drosophila (Hongay and Orr-Weaver, 2011) and MTA in Arabidopsis (Zhong et al., 2008) affects development and fertility, while ime4 in yeast regulates nutrient starvation-induced sporulation/meiosis (Agarwala et al., 2012; Clancy et al., 2002; Schwartz et al., 2013) . The m 6 A is also essential for female-specific splicing of XIST-mediated transcriptional silencing for dosage compensation (Patil et al., 2016) . Functional consequence of m 6 A marks on RNAs is mediated by a ''reader'' protein family, members of which carry a YT521-B homology (YTH) domain (Zhang et al., 2010) , which has an aromatic cage for specifically accommodating the methyl mark (Theler et al., 2014) . Cytoplasmic YTH domain family 2 (YTHDF2) accelerates mRNA decay by recruiting the bound transcript to cytoplasmic processing bodies (Wang et al., 2014a) and by direct recruitment of the CCR4-NOT deadenylase (Du et al., 2016) . In fact, m 6 A-and YTHDF2-dependent clearance of maternal mRNAs is shown to play a role during maternal-zygotic transition in zebrafish (Zhao et al., 2017) . On the other hand, m 6 A modification (Lin et al., 2016) and cytoplasmic proteins like YTHDF1 (Wang et al., 2015) and YTHDF3 regulate mRNA translation (Li et al., 2017) , while nuclear YTH domain-containing 1 (YTHDC1) regulates pre-mRNA splicing (Xiao et al., 2016) . It should be stressed that the role of m 6 A extends beyond functions mediated by YTH proteins, as it is also shown to modulate RNA structure (acting as methylation-dependent RNA switches), affecting association with other factors that regulate RNA stability and splicing (Liu et al., 2015) . The molecular role of the fifth member of the YTH family, YTHDC2, is poorly understood.
YTHDC2 was first reported as a factor that is required for HCV genome replication (Morohashi et al., 2011) . It is widely expressed in human cancer cell lines (including HeLa) and shown to modulate expression of metastasis-related genes (Tanabe et al., 2016) . Recently, YTHDC2 was shown to be expressed in mouse germ cells and reported as an interaction partner of an essential meiosis-specific protein MEIOC (Abby et al., 2016; Soh et al., 2017) . Here, we demonstrate that YTHDC2 is an m 6 A ''reader'' that is essential for ensuring a successful progression of the meiotic program in the mammalian germline by regulation of the m 6 A transcriptome.
RESULTS

YTHDC2 Is an m 6
A Reader Human YTH domain-containing 2 (hYTHDC2; accession number NP_073739/NM_022828) is a $170 kDa multi-domain protein rich in RNA-binding domains. These include an N-terminal arginine-histidine-rich domain (R3H) (Grishin, 1998) , a central RNA helicase module followed by an oligonucleotide binding (OB) fold, and finally a C-terminal YTH domain ( Figure 1A ). The helicase domain identifies YTHDC2 as a member of the DExH family of RNA helicases (Linder and Jankowsky, 2011; Pyle, 2008) , but uniquely, the two RecA modules are separated by two Ankyrin repeats, a known protein-protein interaction surface (Mosavi et al., 2004) .
YTH domains in YTHDF1 (Xu et al., 2015) , YTHDF2 (Zhu et al., 2014) , and YTHDC1 (Theler et al., 2014; Xu et al., 2014) recognize m 6 A residues on RNAs. To determine whether this domain performs a similar function in YTHDC2, we first examined the available solution structure (RIKEN Structural Genomics Consortium; PDB: 2YU6) of the YTH domain from human YTHDC2. The structure reveals an a/b fold that strongly resembles other YTH domains ( Figures 1A and S1A ). It has a central six-stranded b sheet that is surrounded by three helices. A superimposition with the crystal structure of the YTH domain from YTHDC1 (PDB: 4R3H) shows that the two structures are almost identical (root-mean-square deviation [RMSD] = 1.2 Å for $120 Ca atoms). A key feature of the YTH domains is a deep binding pocket for m 6 A containing an aromatic cage to accommodate the methyl group on the m 6 A moiety. The aromatic cage in human YTHDC2 is formed by the conserved residues L1365, W1310, and W1360 ( Figure 1B ). Indeed, a methylated RNA ligand (from PDB: 4R3I) can easily be modeled into the YTHDC2 structure to place the methyl group into this binding pocket ( Figure 1B) .
To directly test m 6 A binding, we prepared a recombinant version of the YTH domain of hYTHDC2 and assayed its interaction with RNA using fluorescence anisotropy ( Figure 1C ). Measurements indicate a higher affinity of the YTH domain for m 6 A-containing RNA (K d = 8.9 mM) compared to the same RNA in an unmodified form (K d = 61.6 mM). These affinities are in the range (3-24 mM) already reported using isothermal calorimetry (ITC) (Xu et al., 2015) . Importantly, a point mutation (W1360A) in the aromatic cage abrogated this affinity for the m 6 A-RNA (Figure 1C) . This confirms that the YTH domain of YTHDC2 confers m 6 A-binding capability to the protein.
The m 6 A RNA modification is frequently found within the sequence context RRm 6 ACH (R = A and G; H = A, C, and U) in endogenous RNAs (Dominissini et al., 2012) . To determine if the YTH domain can directly specify bound sequences, we performed RNA Bind-N-Seq experiments (Lambert et al., 2014) . To this end, we incubated the YTH domain of YTHDC2 ( Figure S1B ) A Reader (A) Domain architecture of human YTHDC2 (hYTHDC2). The boxed region indicates the YTH domain of hYTHDC2, whose solution structure is presented below (PBD: 2YU6; RIKEN Structural Genomics/Proteomics Initiative). Crystal structure of YTH domain of hYTHDC1 (PDB: 4R3H) is shown for comparison . See also Figure S1A . (B) Crystal structure of YTH domain of hYTHDC1 bound to m 6 A-modified RNA (PDB: 4R3I) . The residues lining the hydrophobic pocket accommodating the m 6 A moiety are highlighted. The m 6 A-RNA (from PDB: 4R3I) is modeled into the similar hydrophobic pocket in YTH domain of hYTHDC2.
(C) RNA-binding studies with untagged YTH domain of hYTHDC2 and a fluorescently labeled single-stranded RNA (ssRNA) with or without an m 6 A modification.
The SDS-PAGE gel shows the quality of the recombinant proteins used. Introduction of a point mutation (W1360A) in the hydrophobic pocket of the YTH domain reduces RNA binding. Control binding (beads control) experiments were carried out in the absence of the YTH protein ( Figure 1D ). Bound sequences were isolated and identified by deep sequencing. We plotted nucleotide frequencies at each position for the recovered sequences and compared it between the YTH-bound or beadscontrol sets ( Figure S1C ). This brings out an enrichment for the sequence context U-m 6 A -C/U-A/C-N-C ( Figures 1E and 1F ).
In fact, methylated RNA with a uridine (6 mM) in the À1 position (with regard to the m 6 A residue) is shown to be a slightly better substrate for YTH domain of YTHDC2 than when substituted with a guanosine (7.5 mM), when longer RNAs were used for binding studies (Xu et al., 2015) . Taken together, we conclude that hYTHDC2 is an RNA-binding protein that may use its YTH domain to drive binding to m 6 A-containing RNAs.
YTHDC2 Is Essential for Oogenesis in Mice
To study the in vivo function of YTHDC2, we first examined its expression domain in adult (P60; postnatal day 60) mouse tissues. Western analyses of examined mouse tissues show that the protein is not ubiquitously expressed, but enriched in the testes (Figures 2A and S2A ). This aligns with the detection of YTHDC2 in mouse testicular germ cells, where it localizes to the cytoplasm (Abby et al., 2016; Soh et al., 2017) . Although the protein was barely detectable in adult ovaries (Figure 2A ), Ythdc2 transcripts are readily detected in embryonic day 14.5 (E14.5) ovaries (Abby et al., 2016) , an environment where it is functional (see below). We generated mice with disruptions in the Ythdc2 gene locus, within the exon 7 that encodes for the ATPase motif in the RNA helicase domain (Figures 2B and S2B) . Two independent alleles were created: Ythdc2-line #1 has an insertion of a triple-stop cassette in the exon 7, and Ythdc2-line #2 has a deletion of 152 bp that deletes the entire exon 7 (Figures S2B and S2C ). Both alleles result in premature termination codons. For simplicity, they will be hereafter collectively referred to as the Ythdc2 mutant. Examination of total testicular lysates from the homozygous Ythdc2 À/À mutants reveals a loss of the YTHDC2 protein ( Figure 2C ), confirming these to be knockout mutants. Animals of all Ythdc2 genotypes were viable and heterozygotes of both sexes are fertile. However, homozygous Ythdc2 À/À mutant females ( Figure 2D ) and males (see below) are infertile. Mutant ovaries from adult females are highly atrophied (Figure 2D) . Primordial germ cells (PGCs) in the female germline enter meiosis around embryonic day E13.5-E15.5; after birth, these immature oocytes are arrested in prophase of meiosis I (diplotene stage). These later on become surrounded by flat, discontinuous somatic granulosa cells to form primordial follicles and remain dormant in the adult (dictyate arrest) until sexual maturity, when a few of the follicles enter folliculogenesis. During this process, the oocytes grow in size, put on extra continuous layers of somatic granulosa cells around them, and grow bigger to become primary, secondary, and pre-antral/antral follicles. Just before ovulation, the oocyte completes meiosis I, and after fertilization completes meiosis II to become a mature ovum (Li and Albertini, 2013) .
Eosin and hematoxylin staining reveals the presence of large, mature follicles in the Ythdc2 +/À control ovaries, while follicles in the Ythdc2 À/À mutant are smaller ( Figure 2E ). The Ythdc2
adult control ovaries contain follicles in all stages of folliculogenesis: primary, secondary, and mature, large pre-antral/antral follicles. In contrast, development in the Ythdc2 À/À mutant ovaries never proceeded beyond immature primordial and primary follicles, with an occasional early-stage secondary follicle being visible ( Figure 2F ). Examination of ovaries from newborn (P0) females (where oocytes are arrested in meiosis I) ( Figure S2E ) reveals that there is no difference in the number of germ cells that are positive for the germline marker mouse Vasa homolog (MVH), although we note that the staining was much weaker in the Ythdc2 À/À mutant ( Figure 2G ). However, we report that in other adult Ythdc2 À/À mutant females, the ovaries were completely devoid of any follicles ( Figure S2D ), likely pointing to a rapid removal of the mutant germ cells by apoptosis. An RNA sequencing (RNA-seq) analysis of P0 ovaries from control and Ythdc2 À/À mutant females reveals a misregulated transcriptome ( Figures S2F-S2H ) that likely contributes to the arrested oogenesis. Taken together, the lack of follicles or the presence of only early-stage follicles in the adult mutant ovaries indicates that loss of Ythdc2 results in a failure of the female germ cells to successfully execute the meiotic program, resulting in infertility.
YTHDC2 Is Essential for Meiosis in the Male Germline
Homozygous Ythdc2 À/À males are also infertile, with highly atrophied testes ( Figure 3A ). Histological examination of the control adult (P60) Ythdc2 +/À testes sections reveals large seminiferous tubules full of cells representative of the entire spermatogenic pathway: starting with mitotic spermatogonia, meiotic spermatocytes, post-meiotic round spermatids, and finally the elongate spermatids undergoing chromatin condensation ( Figures  3B, S3A , and S3B). The elongate spermatids differentiate into mature sperm, explaining the fertility of these animals. In contrast, Ythdc2 À/À mutant seminiferous tubules are narrow and lack all cell types starting with the meiotic spermatocytes (Figures 3B and S3B) . A closer examination of the mutant tubules reveals the presence of a single outer layer of germ cells close to the basal lamina and a number of somatic Sertoli cells (Figure 3C ). Based on their PLZF-positive staining, some of the peripheral cells appear to be undifferentiated spermatogonia (Costoya et al., 2004) , and these are found in both the Ythdc2 +/À and Ythdc2 À/À testes ( Figure 3D ). In contrast, the synaptonemal complex protein 3 (SYCP3), a component of the synaptonemal complex that coats the condensing synapsed chromosomes in the zygotene/pachytene stages of meiotic prophase, is detected only in the Ythdc2 +/À adult animals ( Figure 3D ). Similarly, g-H2AX (phosphorylated form of the histone variant H2AX), which identifies the unpaired X and Y chromosomes as the sex body in the pachytene spermatocytes, is found only in the control testes. These suggest a failure of the Ythdc2 À/À mutant germ cells to proceed through meiosis, resulting in their removal by apoptosis, as confirmed by an increase in cells positive for the terminal deoxynucleotidyl transferase dUTP nick end labeling (TUNEL) assay ( Figure S3C ). To examine when the arrest is manifested during spermatogenesis, we collected younger animals in which the first set of spermatogonia begin to differentiate and enter meiosis. Histological examination of P12 testes shows that overall seminiferous tubule morphology is not different in the mutant and control testes, but only the control testes had tubules with germ cells that have advanced to the zygotene stage of meiosis ( Figures  3E and S3D ). Immunostaining indicates that most cells in both the control and the Ythdc2 À/À mutant are labeled with the germline marker MVH ( Figure 3F) , and a few of these are undifferentiated PLZF-positive spermatogonia ( Figure S3E ). It is likely that the remaining cells are differentiating spermatogonia that are entering meiosis, which we confirmed by staining with SYCP3 and g-H2AX ( Figure 3F ). Importantly, the staining for SYCP3 and g-H2AX is weaker or only detected in much fewer cells in the Ythdc2 À/À mutant ( Figure 3F ). Western analysis with testicular lysates also revealed reduced levels of MVH in the Ythdc2 À/À mutant when compared to control littermates (Figure 2C) . Interestingly, the P12 Ythdc2 À/À mutant tubules (14%-19% of tubules) contained cells resembling an aberrant metaphase state ( Figure 3G ). These are also seen in the adult Ythdc2 À/À mutant (12% of tubules) ( Figure 3G ). Metaphases are transient and only rarely observed in the wild-type, and similar aberrant metaphases are also seen in mutant germ cells from mice lacking MEIOC, an interactor of YTHDC2 (Abby et al., 2016; Soh et al., 2017) . These experiments demonstrate that YTHDC2 is required for proper progression of spermatogenesis and functions in the window when spermatogonia enter meiosis to become spermatocytes. In the absence of Ythdc2, germ cells initiate meiosis, but prematurely exit prophase I to enter metaphase, and eventually are removed by apoptosis ( Figures S3C  and S3D ). Given that YTHDC2 is an RNA-binding protein, we examined the mutant transcriptome to better understand the reasons for the spermatogenic arrest (Table S1 ). We prepared RNA-seq libraries from duplicate P12 Ythdc2 control and knockout testes ( Figure S4A ). Comparison of the datasets indicates upregulation of 24 genes and downregulation of 162 genes in the Ythdc2 À/À testes ( Figure 3H ; Table S2 ). Interestingly, when compared to transcriptomes of purified spermatogenic cell types (Davis et al., 2017) , the genes upregulated in the Ythdc2 À/À mutant are preferentially expressed in spermatogonial stem cells (Figures 3I, 3J, and S4C) , while those that are downregulated generally start to be expressed later, at spermatocyte or round spermatid stage ( Figures 3H, 3J , and S4B). Gene ontology (GO) term analysis (Ashburner et al., 2000) indicates that many of the downregulated genes are involved in meiosis ( Figure S4D ). Strikingly, Ccna2 encoding for the mitotic Cyclin A2 (CCNA2) is upregulated in the Ythdc2 À/À mutant ( Figure 3H ), a feature also observed in Meioc mutant testes (Soh et al., 2017) . CCNA2 is normally expressed in mitotic spermatogonia and is downregulated as cells enter meiosis (Satyanarayana and Kaldis, 2009 ). Thus, we conclude that YTHDC2 is required in the male germline for maintaining a transcriptome that is essential for early meiotic progression. P20 (after meiosis). Reads that were at least 16 nt long were mapped to the mouse genome (mm10 assembly) and perfectly mapping reads were considered for further analysis. Size distribution of the m 6 A-IP reads indicates that the majority of these are short fragments (16-30 nt), allowing a more precise definition of the methylation site ( Figure 4A ). Analysis of nucleotide composition of the recovered sequences reveals an expected enrichment for a GGACU feature ( Figures 4B and S5A ), confirming specific selection by the anti-m 6 A antibody (Dominissini et al., 2012; Ke et al., 2015; Meyer et al., 2012) . Genome annotation shows that all genomic features are represented, with gene exon sense reads dominating all the libraries (input and m 6 A-IP) ( Figures 4C and 4D) . Examination of the normalized read coverage along the transcript length reveals a clear enrichment of reads in the m 6 A-IP over the input library ( Figure S5B ).
Exon-wide examinations show that while most exons, including the first and the penultimate, show limited enrichment, m 6 A reads are dramatically enriched over the last exon (Figures 4E and S5C) . The m 6 A-read coverage sharply increases from the start of the last exon (last splice junction) ( Figure 4F ) and peaks over the end of the coding region (stop codon) in these transcripts ( Figure 4G ). These findings are consistent with the reported distribution of m 6 A marks on somatic transcripts (Ke et al., 2015; Meyer et al., 2012) . Next, we identified the transcripts enriched in the m 6 A-IP libraries and compared their presence across the different age groups: P8, P12, and P20. This shows that a large set (4,250) of overlapping transcripts are methylated across different stages of spermatogenesis when total testicular transcriptomes are examined ( Figure 4H ). However, when individually examined for their expression in purified spermatogenic cell transcriptomes (Davis et al., 2017) , many of these transcripts dynamically change (increase or decrease) in abundance levels as germ cells undergo development from the spermatogonia to meiotic spermatocytes and post-meiotic round spermatids ( Figure S5D ). Thus, there is no spermatogenic stage-specific methylation of the whole transcriptome.
To examine the role of YTHDC2 in regulating this m 6
A transcriptome, we sequenced RNA from P8 testes ( Figure S5E ), a stage when tubules are occupied by undifferentiated spermatogonia (PLZF-positive) and MVH-positive germ cells that are just entering meiosis ( Figure 4I ). Unlike the P12 testes ( Figure 3E ), there is no difference in cellularity at this stage between the control and mutant testes (Figures 4I and S3F) . Pairwise comparison of RNA-seq reads between the control (+/À or +/+) and the knockout (À/À) testes reveals just a few genes to be differentially expressed in the Ythdc2 knockout ( Figure S5F ; Table S3 ). Importantly, the m 6 A-enriched transcripts (the top 100 or 500 genes enriched in the m 6 A-IP libraries) are in general upregulated in the P8 Ythdc2 knockout testes when compared to the heterozygous or wild-type controls, whereas transcripts with low m 6 A levels are generally downregulated in the mutant ( Figure 4J ; Table S4 ). Interestingly, m 6 A-enriched transcripts are also upregulated in the Meioc mutant P8 testes ( Figure 4J ). Taken together, our molecular analyses reveal a biased distribution of m 6 A marks in the testicular transcriptome, with a majority found in the last exons (3ʹ UTRs) of transcripts, and that loss of YTHDC2 contributes to an upregulation of the highly methylated (enriched in m 6 A-IP libraries) transcripts.
ATPase Activity of YTHDC2 Is Turned on by RNA and Fuels Its 3 0 /5 0 RNA Helicase Activity The above experiments reveal that YTHDC2 can recognize m 6 Amodified RNAs via its YTH domain ( Figure 1 ) and regulate their levels in mouse male germ cells ( Figure 4 ). To understand the inherent biochemical function of YTHDC2, we prepared fulllength recombinant hYTHDC2 (Figures 5A and S1D-S1F). YTHDC2 has multiple RNA-binding domains, so expectedly, deletion of the YTH domain (DYTH Mut) did not affect its RNAbinding property, as demonstrated by native gel-shift assays using an unmethylated RNA ( Figure 5A ). Further experiments with other RNAs showed that the protein binds RNAs in a sequence-independent manner (STAR Methods; Table S5 ). As demonstrated above, the YTH domain likely provides selectivity in regulating m 6 A transcripts in vivo. Given the presence of an RNA helicase domain in YTHDC2, we tested its various ATP-dependent activities. Recombinant hYTHDC2 was incubated with radioactive 32 P-g-ATP and reaction products resolved by thin-layer chromatography (TLC). ATP hydrolysis was not observed with protein alone ( Figure 5B ). However, when total RNA from HEK293T cells was added, a faster migrating spot corresponding to free phosphate released by ATP hydrolysis is observed ( Figure 5B ). A similar situation is noted when a 40 nt synthetic ssRNA was added. Addition of a 40 nt RNA, containing a single m 6 A moiety, also revealed a similar outcome. This indicates that hYTHDC2 has an RNAinduced ATPase activity. Next, we examined its RNA unwinding activity. We prepared duplex RNA by annealing a 5 0 end-labeled short RNA to an unlabeled, longer complementary RNA sequence (Table S5) . Two different duplexes, carrying either a 3 0 or a 5 0 overhang, were produced. Incubation of these with YTHDC2 protein in the presence of ATP resulted in rapid unwinding of the RNA duplex, but only in the context of a doublestranded RNA (dsRNA) carrying a 3 0 overhang. This indicates that YTHDC2 translocates along the RNA in a 3 0 /5 0 direction ( Figure 5C ). Importantly, this activity was abolished when a single point mutation (E332Q) was introduced into the ATPase motif within the helicase domain of hYTHDC2. Note that the mutant protein behaved similarly to the wild-type version during sizeexclusion chromatography, indicating the absence of dramatic structural changes in the mutant protein ( Figure S1F ). Taken together, our biochemical studies identify YTHDC2 as an RNAinduced ATPase that has 3 0 /5 0 RNA helicase activity.
YTHDC2 Interacts with the 5ʹ/3ʹ Exoribonuclease XRN1
RNA helicases function as part of complexes, and previous studies have identified meiosis specific with coiled-coil domain (MEIOC) as a partner of mYTHDC2 from mouse testes (Abby et al., 2016; Soh et al., 2017) . To identify additional factors, we purified endogenous mYTHDC2 complexes from mouse testes ( Figure S1G ) and HA-tagged hYTHDC2 complexes from transfected human HeLa cell cultures ( Figure S1H ), which also express endogenous YTHDC2. We confirmed the presence of MEIOC in endogenous mouse YTHDC2 complexes, but not in the HeLa cell complex, as MEIOC is not expressed in these cells. Strikingly, the 5 0 /3 0 exoribonuclease XRN1 was identified as the top associated factor with HA-hYTHDC2 complexes from HeLa cells ( Figure S1H ). XRN1 is also present in endogenous complexes from mouse testes with lower peptide counts (Figure S1G) . We confirmed this association between endogenous mYTHDC2 and XRN1 in mouse testes lysates by western analysis ( Figures 5D and S1I ). XRN1 is involved in degradation of cellular transcripts and it is possible that this association we see is due to the presence of YTHDC2 on transcripts that are undergoing decay (Chang et al., 2011; Jinek et al., 2011) . To test this, we treated the immunoprecipitates with RNases and found that their association is not dependent on presence of RNA.
Next, we used deletion analysis of HA-hYTHDC2 to map its interaction surface for XRN1 using transfected HeLa cell cultures. Full-length HA-hYTHDC2 associates with endogenous XRN1 in HeLa cells, and this association was resistant to treatment with RNases ( Figure 5E ). Individual deletions of the RNAbinding domains like YTH or R3H had no impact on association with XRN1 ( Figure 5F ), consistent with the RNA independence of this interaction. The same was true for the catalytic-dead point mutant (E332Q) version of hYTHDC2. We then focused our attention on the two Ankyrin repeats (ANK) that are wedged in between the RecA modules of the RNA helicase domain. Ankyrin repeats are reported protein-protein interaction modules (Mosavi et al., 2004) and are a potential candidate to mediate this interaction. Confirming this possibility, an internal deletion of the ankyrin repeats from the protein (DANK) completely abolished this binding to endogenous XRN1 ( Figure 5E ). Taken together, we identify the 5 0 /3 0 exoribonuclease XRN1 as an interaction partner of the m 6 A reader and 3 0 /5 0 RNA helicase YTHDC2, and that this interaction is mediated via the Ankyrin repeat insertion that is strategically located within the helicase domain of YTHDC2. Here we demonstrated that YTHDC2 has an essential role in successful completion of the meiotic program in the mammalian germline. Our transcriptome analyses indicate that while testicular germ cells in wild-type P12 animals have initiated meiosis, loss of Ythdc2 results in upregulation of several genes that are normally expressed in the mitotic spermatogonia and downregulation of meiotic genes, reflecting the failure of the mutant to properly enter meiosis (Figure 3 ). Using high-throughput m 6 A mapping of the testicular transcriptomes from various spermatogenic stages, we identified the transcripts enriched in m 6 A marks and found these to be generally upregulated in the Ythdc2 mutant (Figure 4 ). It is expected that at least some of these transcripts are directly bound by YTHDC2 to mediate their downregulation. Thus, our studies demonstrate an essential role for YTHDC2 in ensuring a successful transition from the gene expression program in mitotic spermatogonia to meiotic spermatocytes in the male germline. The fact that m 6 A is also important for meiosis in single-celled organisms like S. cerevisiae points to an evolutionarily conserved role for RNA modifications in regulating changes in gene expression program during gametogenesis (Bodi et al., 2010; Schwartz et al., 2013) .
Our methylated transcriptome mapping studies indicate that most m 6 A marks are found in the last exons, i.e., in the 3ʹ
UTRs of germline transcripts (Figure 4 ). Although we demonstrated a 3ʹ/5ʹ RNA unwinding activity for YTHDC2 ( Figure 5 ), its direct contribution to function of YTHDC2 in vivo is not clear. RNA helicases function as part of RNA-protein complexes to mediate reorganization of proteins within such complexes or unwind RNAs to mediate secondary structure changes that may allow binding of additional factors. In this context, we already know that MEIOC, a highly conserved meiosis-specific protein with a coiled-coil domain, is an interactor of YTHDC2 (Abby et al., 2016; Soh et al., 2017) . Here we identified XRN1 as another partner ( Figure 5 ), but how this interaction contributes to regulation of m 6 A transcript levels remains to be determined. The fact that this association with XRN1 is via the Ankyrin repeats of YTHDC2 suggests a potential for allosteric regulation, as it is located in between the two RecA modules of the RNA helicase domain.
Bgcn is a protein similar to YTHDC2 in the Drosophila genome and shown to regulate translation to facilitate differentiation of germline stem cells (Li et al., 2009; Shen et al., 2009) . In this role, Bgcn is assisted by additional factors like Bam and Tut (Chen et al., 2014) , which are not orthologous to MEIOC or XRN1. MEIOC is detected in most metazoans, but is clearly absent in Drosophila melanogaster (Abby et al., 2016; Soh et al., 2017) . Thus, it is possible that YTHDC2 and Bgcn form the heart of a regulatory complex, but use different interacting partners to achieve the same purpose: differentiation of mitotic stem cells to enter a meiotic gene expression program. Interestingly, Bgcn lacks a recognizable YTH domain, so the role of m 6 A in its functions is doubtful. However, Bam and Tut are RNA-binding proteins, and they might allow specification of targets for regulation (Chen et al., 2014) . Future studies using protein biochemistry and structural biology should examine the detailed mechanism of action of the m 6 A-guided post-transcriptional regulatory complex assembled by YTHDC2.
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EXPERIMENTAL MODEL AND SUBJECT DETAILS
Animal Work Mutant mice were generated at the Transgenic Mouse Facility, University of Geneva. Founder mice were shipped to EMBL Grenoble, France, where they were housed in the animal facility of Commissariat à l'é nergie atomique et aux é nergies alternatives (CEA), Grenoble. Experiments in Grenoble, France were covered by an authorization (no. 381007) from the Direction Departementale de la Protection des Populations, Prefecture de l'Isere. After the Pillai lab moved to Geneva, the mice were bred in the Animal Facility of Sciences III, University of Geneva. The use of animals in research at the University of Geneva is regulated by the Animal Welfare Federal Law (LPA 2005), the Animal Welfare Ordinance (OPAn 2008) and the Animal Experimentation Ordinance (OEXA 2010). The Swiss legislation respects the Directive 2010/63/EU of the European Union. Any project involving animal work has to be approved by the Direction Gé né rale de la Santé and the official ethic committee of the State of Geneva performing a harm-benefit analysis of the project. Animals are treated with respect based on the 3Rs principle in the animal care facility of the University of Geneva. We use the lowest number of animals needed to conduct our specific research project. Discomfort, distress, pain and injury is limited to what is indispensable and anesthesia and analgesia is provided when necessary. Daily care and maintenance are ensured by fully trained and certified staff. Ythdc2 knock-out mice The Ythdc2 gene locus is located on mouse chromosome 18 and consists of 30 exons ( Figure S2B ). The exon 7 encodes for parts of the N-terminal RecA domain of the RNA helicase module in YTHDC2, and specifically the ATPase motif DEVH. We targeted the endogenous Ythdc2 locus of the C57BL/6J mouse embryos with two guide RNAs (gRNAs) that direct the DNA endonuclease Cas9 to create a 152 bp deletion that removes all of the exon 7 (Line #2; Figure S2B ). Additionally, a 181 nt single-stranded DNA (ssDNA) repair template (IDT) that carries a triple-stop codon (and 80 nt homology arms on each side of the triple-stop codon) was co-injected into single-cell mouse embryos. This resulted in a knock-in line that has the triple-stop codon cassette introduced into the exon 7, truncating the coding sequence within the RNA helicase domain (Line #1; Figure S2B ). It is also expected that creation of premature termination codons in both these lines results in removal of the transcripts via nonsense-mediated decay (NMD). Both the knock-in and the knock-out alleles are collectively referred to as the knock-out allele throughout this study as they both result in loss of YTHDC2 protein as detected in mouse testes lysates ( Figure 2C) . Please cite this article in press as: Wojtas et al., Regulation of m Preparation of gRNAs: A cloning-free method (Bassett and Liu, 2014) was used to prepare DNA template for in-vitro sgRNA transcription. Briefly, a common reverse primer (CRISPR sgR primer) and a gene specific forward primer with T7 promoter sequence was used to PCR amplify the sgDNA template (Table S5 ). The following components were mixed to prepare the PCR reaction: 20 ml 5X Phusion HF buffer, 67 ml ddH2O, 2 ml 10mM dNTPs, 5 ml, 10 mM CRISPR F primer, 5 ml 10 mM CRISPR sgR primer and 1 ml Phusion DNA polymerase. The PCR reaction was set as follows: 98 C 30 s, 35 cycles of [98 C, 10 s; 60 C, 30 s and 72 C, 15 s], 72 C 10 min, 4 C hold. PCR product ($110bp) was agarose gel-purified using mini-elute gel extraction kit (QIAGEN; cat. no 28604). The purified DNA was used to produce sgRNA by in vitro transcription reaction using T7 promoter. In vitro transcription was carried out with the MEGAshortscript T7 Transcription Kit (Life technologies; cat no. AM1354) for 4 hours at 37 C. Reactions were treated with TURBO DNase I (37 C for 15 min) to remove template DNA, phenol-chloroform extracted and precipitated with ethanol. Quality of the generated gRNAs were verified by 1% agarose gel electrophoresis.
Forward (F) primer design template: 5 0 -GAAATTAATACGACTCACTATAGGNNNNNNNNNNNNNNNNNNNNGTTTTAGAGCTA GAAATAGC-3 0 N represent the gene-specific unique sequence. Sequences of Ythdc2-specific forward primers (CRISPR F primers) we used for sgRNA template preparation (RRoligo792 and RRoligo793), and of a common reverse primer (CRISPR sgR primer) are given (Table S5) .
Preparation of injection mix: We mixed 12.5 ng/mL of each of the gRNA with 12.5 ng/mL of a 181 nt ssDNA repair template (IDT), and 25 ng/mL of Cas9 mRNA (ThermoFischer Scientifique; A29378) in injection buffer (10 mM Tris pH 7.5, 1 mM EDTA pH 8.0). Injection mixture can be frozen at À80 C in aliquots (20 mL) prior to use. Sequence of ssDNA repair template used: The triple-stop sequence is highlighted (bold, lower case). ssDNA (-): ATAAATAAAACATAATCACACTGCAAAGCTTTACTTCAAAGAAATTAAAGAAGATAATGGATAGTCGTACTATATATCAC tcatctatttacatTGGACAACTTCCAAAATATCTTATGAAGAGGTTCACATCCAAGGCAGCACTCGAAAGAATTAGTTTCAAAGTTGGGT GCTTTTGCAA Injection of mouse embryos of the hybrid background B6D2F1 (50% C57BL/6 and 50% DBA/2, black coat color) were carried out at the Transgenic Mouse Core Facility, University Medical Centre (CMU), University of Geneva. The NMRI (Naval Medical Research Institute) mice, which have a white coat color were used as foster mothers.
Founder mice were identified by genotyping and crossed with wild-type C57Bl6/J (Jackson) partners to obtain germline transmission. Intercrosses between heterozygous knockout (Ythdc2 +/À ) males and females were used to obtain homozygous (Ythdc2 À/À ) knockout males and females. Fertility of knockout males and females was functionally assessed by crossing them with fertile heterozygous or wild-type partners. The same mutant animal was successively mated with a fertile partner for 1 week each, using a total of at least three different fertile partners. At least 3 homozygous males and females were tested. Further analyses of fertility were carried out using histological and immunofluorescence analysis of dissected ovaries and testes, and compared to that of fertile control animals. Genotyping Routine genotyping was done using ear punches of the weaned animals (which is also used for identification purposes). Ear punches were digested in 100 ml of buffer containing 10 mM NaOH, 0.1 mM EDTA for 90 min at 95 C. After centrifugation at 3000 rpm for 10 min, 50 mL of supernatant was transferred to a new tube containing 50 ml of TE buffer (20mM Tris-HCl, pH 8.0 and 0.1 mM EDTA).
For experimental mice that were euthanized before the weaning age, tail biopsies were digested in 500 mL tail buffer (50 mM TrisHCl, pH 8.0, 100 mM EDTA, 100 mM NaCl, 1% SDS) with 2.5 mg of Proteinase K at 55 C overnight. After spinning at 16000 3 g for 10 min to remove hairs, supernatants were transferred into a new tube and the DNA was precipitated by adding 500 mL of isopropanol. Samples were spun in the centrifuge at 16000 3 g for 10 min, and the resulting pellet was washed with 1 mL 70% Ethanol. The pellet was dried and resuspended for at least 1 hour at 37 C in 100 to 150 mL of 10 mM Tris-HCl, pH 8.0. Approximately, 1-1.5 mL of genomic DNA were used for PCR.
Primers to detect bands ( Figure S2C ) corresponding to the wild-type (390 bp), the triple-stop knock-in (488 bp) and knock-out (237 bp) alleles were RRoligo807 and RRoligo808 (Table S5 ). Note that the knock-in line had random sequences inserted downstream of the triple-stop cassette, explaining the larger size of the PCR product ( Figure S2B ).
Reaction mix for 25 mL PCR reactions: 1 3 Taq buffer (without MgCl 2 , ThermoFisher cat. no. B38), 2 mM MgCl 2 , 0.5 mL dNTPs mix (stock 10 mM), 0.5 mL primer mix (stock 10 nM each), 2.0 mL tail DNA (100-200 ng), 0.5 mL Taq Pol (EMBL Protein Expression Facility, Heidelberg), water to make 25 ml final volume. Reactions were run using the following conditions (94 C, 20 s; 59 C, 30 s and 72 C, 40 s) for 35 cycles. Reactions were examined by 2% agarose gel electrophoresis ( Figure S2C ).
METHOD DETAILS Clones and constructs
Constructs for mammalian cell expression
Coding sequence for full-length (FL) human YTHDC2 (1430 aa; Accession number BC137285) was purchased (Source BioScience, UK). Mammalian expression vectors (pCI-neo vector backbone) allowing production of N-terminal HA-, NHA-or 3xFLAG-HA tagged proteins from a cytomegalovirus (CMV) promoter are described (Pillai et al., 2004) . The NHA tag refers to the lN peptide and an HA tag. The lN peptide is useful for artificial tethering to BoxB hairpins (not required in this study), while HA-tag for detection with anti-HA antibodies. The 3xFLAG refers to the triple-FLAG polypeptide tag.
We prepared the following NHA-tagged versions of the human YTHDC2 (hYTHDC2): 
Constructs for insect cell expression
For the production of hYTHDC2 protein we used eukaryotic expression systems based on insect ovary-derived cells: Spodoptera frugiperda 9 (Sf9) or the Trichoplusia ni High Five (Hi5). Full-length coding sequence for hYTHDC2 (1-1430 aa), the hYTHDC2 E332Q ATPase mutant or hYTHDC2 DYTH (1-1219 aa) were cloned into the NheI and SphI restriction sites of the modified vector pACEBac2 (Bieniossek et al., 2012) to express the recombinant proteins with N-terminal 6xHis-SUMO-StrepIII-TEV fusions.
Constructs for bacterial expression
For antigen production, 202 aa (1092-1294 aa) of mYTHDC2 was cloned into the bacterial expression vector pETM-11 (6xHis-TEVfusions, EMBL Protein Expression and Purification Core Facility, Heidelberg). The YTH domain of hYTHDC2 (1288-1421 aa) wild-type (WT) and mutant (W1360A), was cloned into modified pETM11 vector containing a 6xHis-Sumo-TEV tag.
Antibodies
Commercial antibodies
The following antibodies were purchased: goat anti-YTHDC2 (Santa Cruz; sc-249370), rabbit anti-YTHDC2 (Abcam; ab176846), anti-XRN1 (Abcam; ab70259), rabbit anti-GAPDH (Abcam; ab9484), anti-TUBA1B (Proteintech Europe; 11224-1-AP), rabbit anti-m 6 A (Synaptic Systems; 202003), anti-MVH (Abcam; ab13840), anti-g-H2AX (Abcam; ab2893), anti-b-TUBULIN (Abcam; ab6046), anti-SYCP3 (Novus Biologicals; NB300-231) and anti-PLZF (Santa Cruz; sc-28319) to detect the mouse or human proteins. Mouse anti-HA monoclonal was a kind gift of Marc Buhler, FMI, Basel, Switzerland, while rabbit anti-HA (Santa Cruz; sc-805) was purchased. Normal mouse IgG (Santa Cruz; sc-2025) was used as a negative control during immunoprecipitations. Anti-HA affinity matrix (Roche; cat. no. 11815016001), anti-FLAG M2 Magnetic Beads (Sigma; cat. no. M8823), Pierce Anti-HA Agarose beads (ThermoFisher; cat.no. #26181) were used for immunoprecipitations. For immunofluorescence studies the following secondary antibodies coupled to fluorescent dyes were used: anti-rabbit (Alexa Fluor 488; cat. no. A11034), anti-rabbit (Alexa Fluor 594; cat. no. A11037), anti-mouse (Alexa Fluor 594; cat. no. R37121). For western blot analyses the following secondary antibodies conjugated to Horse Radish Peroxidase were used: anti-rabbit IgG HRP-linked (GE Healthcare; NA934), anti-mouse IgG HRP-linked (GE Healthcare; NA931) and anti-goat IgG HRP-linked (Abcam; ab97110). Other antibodies Rabbit polyclonal anti-mYTHDC2 antibodies were prepared with a 202 aa antigen of mYTHDC2 (1092-1294 aa) produced in the E. coli BL21 strain. Soluble 6 x-His-tagged protein was purified over a Nickel-affinity column prepared using chelating Sepharose beads (GE Healthcare; cat. no. 17-0575-01). Antigen was mixed with adjuvants and injected into a single rabbit. Crude serum was affinity-purified using the filter-strip method before use. The antibodies proved to be useful for detecting denatured proteins during Western analysis ( Figure S2A ), but not useful for detecting the native protein during immunoprecipitations or for immunofluorescence analyses. Affinity purification of antibodies Anti-mYTHDC2 antibodies were affinity-purified from the crude immune serum using an affinity matrix prepared with the antigen. We used antigens that were produced either as a soluble protein or in an insoluble form under denaturing conditions, and observed no difference in quality of purified antibodies.
For insoluble antigen, large amounts of purified protein were resolved by 15% SDS-PAGE and transferred on to a nitrocellulose membrane (Amersham Protran; GE Healthcare, cat. no. 10600018) via semi-dry transfer (Trans-blot SD; Bio-Rad) in a transfer buffer (25 mM Tris Base, 192 mM glycine, 20% Ethanol). After reversible staining with Ponceau S (P3504, Sigma), part of the membrane containing the antigen was cut out and incubated overnight in a 15 mL Falcon tube with 1 mL of crude immune sera in 10 mL of PBS-Tween buffer (1xPBS, 0.1% Tween-20, 5% non-fat milk powder). After five washes with 10 mL of 1xPBS-Tween, bound antibodies were eluted twice with acidic pH solution (1 mL 0.2 M Glycine pH 2.8) and the antibody eluate was immediately neutralized with basic pH buffer (80mL 1 M Tris-HCl pH8) to bring the solution to pH 7.5. The amount of neutralization buffer has to be pre-determined in titration experiments to get the right pH. Elutions were pooled and concentrated using 0.5 mL Amicon Ultra centrifugal filters with a 10 kDa cut-off (Reference no. UFC501096). Briefly, filters are hydrated with water, spun at max speed for 1 min. After that, all remaining water is removed and the antibody eluate was loaded, spun at max speed, taking care never to go below $200 mL volume. Concentrated antibodies (usually 0.5 mg/mL) were stored in 50% glycerol at À20
C and used over a period of several months.
For soluble antigens, antibodies were purified over an affinity-matrix prepared with purified antigen coupled to CNBr-activated beads (GE Health; cat. no. 17-0430-01). Coupling of antigen was done as instructed by the manufacturer. The antigen-coupled beads were incubated (overnight at 4 C) with 2 mL of crude immune serum in a 15 mL tube, with volume made up to 14 mL with 1x PBS. Washes and elutions were carried out with beads sitting in disposable polypropylene columns (ThermoScientific; cat. no. 299924), and purified essentially as described above.
Recombinant protein production Insect cell expression and purification of recombinant hYTHDC2 Production of recombinant proteins was carried using the baculovirus expression system in the High Five (Hi5) insect cell line, derived from the cabbage looper ovary (Trichoplusia ni). Briefly, recombinant full-length hYTHDC2 protein or its deletion/mutant versions were cloned into pACEBac2-Sumo acceptor vector (His-Strep-Sumo tag) (Bieniossek et al., 2012) . Plasmids were transformed into DH10EMBacY competent cells for the recombination with the baculovirus genomic DNA (bacmid). The bacmid DNA was extracted and transfected with FuGENE HD (Promega, cat. no. E231A) into Sf9 insect cells for virus production. The supernatant (V 0 ) containing the recombinant baculovirus was collected after 72-96 hours post transfection. To monitor expression of the protein, cells were collected in 1X PBS and after brief sonication lysates were resolved by 8% SDS-PAGE and proteins were detected by Western Blot analysis using anti-His antibodies. To expand the virus pool, 6.0 mL of the V 0 virus stock was added into 25 mL of Sf9 (0.5 3 10 6 /mL) cells. The resulting cell culture supernatant (V 1 ) was collected 24 h post-proliferation arrest. For large-scale expression, Hi5 cells were infected with virus (V 1 ) and cells were harvested 72 h after post-proliferation arrest. The cells were resuspended in the lysis buffer (50 mM Tris-HCl pH 8.0, 500 mM NaCl, 40 mM Imidazole, 5% glycerol, 0.1% Triton X-100, 5 mM b-mercaptoethanol, proteinase inhibitor (Roche, Complete EDTA-free) and Benzonase (Millipore), sonicated with MISONIX Sonicator S-4000 and the lysate was centrifuged at 17,000 rpm for 40 min at 4 C. The clarified supernatant was incubated at 4
C for 2 h with the Ni 2+ chelating Sepharose FF beads (GE Health; cat. no. 17057501). The beads were washed with buffer W500
(50 mM Tris-HCl pH 8.0, 500 mM NaCl, 50 mM Imidazole, 0.1% Triton X-100, 5 mM b-mercaptoethanol) and W1000 (50 mM Tris-HCl pH 8.0, 1000 mM NaCl, 40 mM Imidazole, 0.1% Triton X-100, 5 mM b-mercaptoethanol). Finally, His-tag proteins bound to the beads were eluted with the elution buffer (50 mM Tris-HCl pH 8.0, 250 mM NaCl, 300 mM Imidazole, 0.1% Triton X-100, 5 mM b-mercaptoethanol). The tag (His-Strep-Sumo) was cleaved overnight with TEV protease (EMBL Protein Expression Facility, Heidelberg) in the dialysis buffer (50 mM Tris-HCl pH 8.0, 250 mM NaCl, 5 mM b-mercaptoethanol). After cleavage, a second Ni-column purification was performed and supernatant containing the cleaved protein was collected. Proteins were further purified over the ion exchange column (HiTrap Heparin HP, 1mL; GE healthcare, cat. no. 17-0406-01). Fractions containing the recombinant proteins were further purified by gel filtration chromatography (Superdex S200 10/300GL; GE Healthcare, cat. no. 17-5175-01). The pure fractions verified by SDS-page analysis ( Figure S1D ) were concentrated and used for biochemical assays.
Prokaryotic protein expression Soluble antigen preparation
The mYTHDC2 antigen (1092-1294 aa) was expressed from the pETM11 vector (provides N-terminal His-tag) in E. coli BL21 strain. Protein expression was induced by addition of 0.4 mM IPTG (Euromedex; cat. no. EU0008-B) when the bacterial culture density reached $0.6 (OD 600 ). The proteins were expressed overnight at 18 C following the induction. Cells were collected by centrifugation and lysed by sonication in lysis buffer [50 mM Tris-HCl pH 8.0, 500 mM NaCl, 40 mM Imidazole, 5% glycerol, 0.1% Triton X-100, 5 mM b-mercaptoethanol, and proteinase inhibitor (Roche complete EDTA-free)]. Soluble proteins were isolated from the supernatant fraction via Ni 2+ -affinity chromatography using chelating Sepharose (GE healthcare). Insoluble antigen preparation Antigen was expressed in E. coli (BL21) by induction with IPTG (0.3 mM) at 37 C and shaking overnight at 130 rpm. The bacterial cell pellet was resuspended in buffer B (100 mM NaH 2 PO 4 , 10 mM Tris-HCl pH 8.0, 8 M urea) at 5 mL per gram of wet pellet and lysed by sonication (MISONIX Sonicator S-4000). Cell lysate was centrifuged at 17000 rpm for 40 min at 4 C. Supernatant was incubated with the Ni 2+ beads (chelating Sepharose) at room temperature for 1 h. After that beads were washed with buffer C (100 mM NaH 2 PO 4 , 10 mM Tris-HCl pH 6.3, 8 M urea) and finally eluted with buffer containing 50 mM Tris-HCl pH 8.0, 250 mM NaCl, 300 mM Imidazole, 0.1% Triton X-100, 5 mM b-mercaptoethanol.
YTH domain of hYTHDC2 expression and purification
The wild-type (WT) and mutant (W1360A) versions of the YTH domain of hYTHDC2 were expressed in E. coli BL21 strain. Protein expression was induced by addition of 0.4 mM IPTG (Euromedex; cat. no. EU0008-B) when the bacterial culture density reached $0.6 (OD 600 ). The proteins were expressed overnight at 16 C following the induction. The YTH domain was purified similarly as described above for hYTHDC2. For the RNA Bind-n-Seq experiment, the wild-type YTH domain obtained after the Ni 2+ elution was dialysed against the low salt buffer (50 mM NaCl, 50 mM Tris-HCl pH 8.5, 5 mM b-mercaptoethanol) and loaded onto ion exchange column (HiTrap Q Sepharose HP, 1mL; GE healthcare, cat. no. 17-1153-01) . The fractions containing the His-Sumo-tagged YTH domain were concentrated and further purified by gel-filtration chromatography (Superdex S75 10/300 GL; GE Healthcare, cat. no. 17517401).
For fluorescence anisotropy measurements, the His-sumo tag was removed by overnight cleavage of the protein with TEV protease in the dialysis buffer (50 mM Tris-HCl pH 8.0, 250 mM NaCl, 5 mM b-mercaptoethanol). After cleavage, a second Ni-column purification was performed and supernatant containing the cleaved protein was collected. Proteins were further purified over the ion exchange column (HiTrap SP Sepharose, 1mL; GE healthcare, cat. no. 17115101) . Fractions containing the recombinant proteins were finally loaded onto gel-filtration column (Superdex S75 10/300GL, GE Healthcare). The pure fractions of untagged YTH domain were then used for the further experiments.
ATPase assay ATP hydrolysis ( Figure 5B ) reactions (20 mL) containing 1.0 mg of protein (hYTHDC2), 1.0 mL cold ATP (40 mM stock), 2.0 mL RNA [50 mM each of a 40 nt unmethylated RP RNA19 or a 42 nt m 6 A-modified MMRNA4 or 1.0 mg HEK293 cell total RNA] were set up in a buffer containing 20 mM Tris, pH 7.5, 75 mM NaCl, 5 mM MgCl 2 , 1.5 mM DTT, 5 mM b-Mercaptoethanol, 0.5 mL (1 mCi) of 32 P-g-ATP (Perkin Elmer; NEG002A001MC). Sequences of RNAs used are provided (Table S5 ). Reactions were incubated at 37 C for 30 min. The reactions were stopped by addition of 5 mL of formic acid and 2.5 mL from each reaction mix were spotted on a thin layer chromatography (TLC) plate (cellulose fibers on PET foils, MERCK; Cat. No.1055790001), air-dried for 3-4 min, and migrated with 0.5 M LiCl, 0.5 M formic acid, in a migration chamber for 45 min. Free phosphate can be distinguished from ATP because it migrates faster during TLC. The foil was then dried at room temperature and exposed to Storage Phosphor screens (GE Health; and scanned with a Typhoon FLA 9500 scanner (GE Health; reference no. 29-1885-90) .
Helicase assay
The helicase assay ( Figure 5C ) was design based on Putnam et al. (2015) . Briefly, shorter RNA probes (RPRNA18 and RPRNA20, 0.6 mL of each from 100 mM stock) were radiolabeled with 32 P-g-ATP (3000 ci/mol) using T4 PNK kinase (ThermoFisher; cat. no.
EK0031). The labeled RNA probes were resolved by denaturing 15% urea PAGE and extracted from the gel overnight at 25 C using a buffer containing 300 mM NaCl. The RNA was filtered with the Corning Costar SpinX cellulose column (Sigma; cat. no. CLS8162) and ethanol-precipitated. To prepare the duplex RNA, the radiolabeled RNAs were dissolved in 17 mL of water and mixed with 1 mL of longer cold RNA from a 100 mM stock (RPRNA19 and RPRNA21) in the annealing buffer (10 mM MOPS pH 6.5, 1.0 mM EDTA, 50 mM KCl). After denaturation at 95 C for 5 minutes, the mixture was slowly cooled to room temperature. The duplex RNA was separated from single-stranded free RNAs in a 15% non-denaturing 1xTBE PAGE gel (5 W power, in the cold room). The radioactive duplex RNA band was excised from the gel and extracted overnight in elution buffer (300 mM sodium acetate, 1 mM EDTA, 0.5% SDS) at 4 C. The following day, the duplex RNA was filtered with the SpinX cellulose column and ethanol precipitated. Finally, RNA duplexes were dissolved in 50 mM MOPS pH 6, 50 mM KCl and used for the helicase assay.
The unwinding reaction was performed in a volume of 30 mL, containing 15 mL of the helicase reaction buffer HRB (40 mM TRIS pH 7.5, 50 mM NaCl, 0.5 mM MgCl 2 , 2 mM DTT, 0.01% NP-40), 1mL of RNA duplex, 3 mL of protein (0.5 mg/mL) and 8 mL water. This reaction was incubated for 10 min at 37 C without ATP. After that 3 mL of ATP (10 mM stock) was added and incubated over a time course. The reaction was stopped by mixing a sample aliquot with the stop buffer (1% SDS, 50 mM EDTA, 0.1% xylene cyanol, 0.1% bromophenol blue and 20% glycerol) in 1:1 ratio. Subsequently, the samples were resolved in a 15% TBE non-denaturing PAGE gel, dried for 2 h at 80 C using gel dryer (Bio-Rad; Model 583 Gel Dryer). Dried gel was exposed to a Storage Phosphor Screens (GE Healthcare; BAS IP MS 2025 E, cat no. 28-9564-75) and scanned (GE Healthcare; Typhoon FLA 9500 IP, cat no. 29-1885-90) .
Oligos used to prepare duplex with 3ʹ single-stranded overhang (Table S5 ): RPRNA18 and RPRNA19 Oligos used to prepare duplex with 5ʹ single-stranded overhang: RPRNA20 and RPRNA21
Electrophoretic Mobility Shift Assay (EMSA)
To examine the RNA-binding property of hYTHDC2 we carried out band-shift assays ( Figure 5A ). We first prepared radiolabelled single-stranded RNA and purified it by gel-elution. Synthetic RNA (1 pmol; Microsynth, CH) was end-labeled with 20 mCi of 32 P-g-ATP (Perkin Elmer; NEG002A001MC) and 10 U of polynucleotide kinase (Thermo Scientific; EK0031) at 37 C for 1 hour. The 20 mL reactions were cleared of unincorporated label by passing through a G25 microspin column (GE Health; 27-5325-01), mixed with gel loading dye and separated by 18% urea-PAGE (1xTBE) at constant power of 20 W. The gel was briefly exposed for 10 min to Storage Phosphor screens (GE Health; and scanned with a Typhoon FLA 9500 scanner (GE Health; reference no. 29-1885-90) . Using the gel image as a reference (we also used other radioactive-orientation markers), the band corresponding to the major radioactive species was cut out and eluted in 300 mL of 300 mM NaCl overnight by mixing (Thermomixer at 750 rpm) at 25 C. After phenol-chloroform extraction and precipitation with ethanol (10% of 5 M ammonium acetate and 30 mg of glycogen used as carrier). The RNA was resuspended in 20 mL of water.
For forming RNA-protein complexes, we incubated [10 mM Tris-HCl, pH 8.0, 50 mM NaCl, 10% glycerol, 20 U of RiboLock RNase Inhibitor (Thermo Scientific; EO0381), 1 mM DTT] recombinant full-length wild-type version or the ATPase mutant (hYTHDC2 E332Q ) or that lacking the YTH domain (hYTHDC2 DYTH ) with 50 femtomol of 5ʹ-end-labeled single-stranded RNA in 20 mL reactions. Proteins were used at three different concentrations: 0.186, 0.373 and 0.560 mM. Incubations were carried out on ice for 1 hour. Reactions were mixed with 1 mL of loading dye (1x TBE, 10% glycerol, bromophenol blue and xylene cyanol) and separated out by 4% native PAGE (0.25 xTBE). Electrophoresis (running buffer was 0.25 xTBE) was carried out at 4 C for 3.5 hours till the bromophenol blue dye is 6 cm above the end of the gel. Note that since the isoelectric point (pI) of the proteins are in the range of 8.3 to 8.6, we adjusted pH of the gel and running buffer to be greater than 10.0. This should ensure that the proteins carry an overall negative charge under native conditions. The gel was transferred on to a 3 mm Chromatography paper (Whatman; cat. no. 3030-917) and dried (Bio-Rad; Model e6 Molecular Cell 68, 1-14.e1-e12, October 19, 2017
Please cite this article in press as: Wojtas et al., Regulation of m 583 Gel Dryer) for 3 hours with a slow gradient rise in temperature to 80 C. Dried gels were exposed to Storage Phosphor screens (GE Health; and scanned with a Typhoon FLA 9500 scanner (GE Health; reference no. 29-1885-90) . Multiple RNAs were used in independent EMSA experiments: RP RNA28, RP RNA29, RP RNA31 (Table S5 ) and one such representative gel is shown ( Figure 5A ).
Fluorescence anisotropy measurements
Complex formation between the YTH domain [wild-type (WT) or mutant (W1360A)] and a 3ʹ-(6-FAM; fluorescein) labeled RNA (GAACCGGXCUGUCUUA, where X = A or m 6 A; IDT) was monitored by fluorescence polarization using a Tecan Spark 10M reader. The emission and excitation filters were set to 485 nm (20 nm bandwidth) and 530 (25 nm bandwidth), respectively with Z-position set to 21398 mm (middle).
Proteins prepared by serial dilution in the range of 0.1 to 200 mM at final concentration were mixed with a constant concentration of RNA (20 nM final) in reaction buffer [20 mM Tris pH 7.2, 200 mM NaCl, 5% glycerol, 2 mM b-mercaptoethanol, Salmon DNA 50 mg/mL (Thermo Fisher, cat no. 15632011), Rnaseout (Thermo Fisher cat no. 10777019)]. Reactions were performed in a total volume of 30 mL, prepared in a 384-well black flat-bottom plate (Corning, cat no. 3575). All measurements were carried out in triplicates.
The Kd values were calculated using Graph Pad 7 by fitting the non-linear regression curve (one site, total binding) to the assay data.
Cell culture
Human embryonic kidney cell line 293 (HEK293) transformed with the SV40 large T antigen (HEK293T) were grown in Dulbecco's modified Eagle Medium (DMEM; Invitrogen, cat. No. 21969-035) supplemented with 10% fetal bovine serum (ThermoFisher; cat. no. 10270106), 1% Penicilline/Streptomycin (ThermoFisher; cat. No. 15140122), 2 mM L-Glutamine (ThermoFisher; cat. no. 25030024), later referred to as DMEM complete medium (DMEM CM), and maintained in an environment with 5% CO 2 at 37 C. For transfection, cells growing in a 75 cm 2 flask were washed with warm (37 C) 1X PBS and incubated with 1 mL of Trypsin-EDTA 0.05% (ThermoFisher; cat. no. 25300-054) for 1-2 min to promote removal of cells from the growth surface. Subsequently, 10 mL warm DMEM media was added and cells were resuspended by pipetting. Cells were counted using a B€ urker-T€ urk cell counter and appropriate cell numbers were seeded at cell culture vessels.
Transfection of cells for YTHDC2 complex purification
Approximately 4 million HEK293T cells were seeded in a 10 cm dish (Falcon; cat. no. 353003) and cultured as described above. When 40 -50% confluence was reached, cells were transfected with various hYTHDC2 expression plasmids: 10 mg of plasmids were diluted in 500 mL of 150 mM NaCl. Simultaneously, 26 mg of linear polyethylenimine, MW 25000 (PEI, Polysciences; cat. no. 23966) was diluted in 500 mL of 150 mM NaCl. Solutions were mixed together, vortexed vigorously for 15 s and incubated for 15 min. at room temperature. The mix was added to the HEK293T cells in the DMEM CM. After 24 h, medium was exchanged with fresh DMEM CM. Cells were grown for a total duration of 72 h.
Isolation of human YTHDC2 complexes for interaction domain mapping
After transfection of cells for 72h, the 10 cm dishes were washed twice with ice cold PBS and 1 mL of lysis buffer [20 mM Tris pH 7.4, 150 mM NaCl, 0.5% Triton X-100, 0.1% sodium deoxycholate, 1 mM EDTA, 1mM DTT, protease inhibitor (Complete Protease Inhibitor Cocktail Tablet, Roche; cat. no. 5056489001)] and the RNase inhibitor vanadyl ribonucleoside complex (Sigma; cat. no. 94742)] was added to the cells. Cells were removed from their growth surface using a cell scraper (Costar; cat. no. 3010) and transferred to 1.5 mL eppendorf tubes. Cell lysate was passed 5 times through a 26 G needle (B. Braun Medical; #466-5457) and kept on ice for 15 min. The total cell lysate was spun at 12,000 x g for 10 min at 4 C. After centrifugation, 50 mL of lysate was taken as input control and remaining volume was divided equally into two 1.5 mL eppendorf tubes. Half of tubes were treated with an RNase mix consisting of 10 mL of RNase A (10 mg/mL, ThermoFisher, #EN0531) and 1 mL of RNase I (100 U/mL, ThermoFisher; #AM2295), second half with 5 mL of RNaseOUT Recombinant Ribonuclease Inhibitor (ThermoFisher; cat.no. 10777019). Lysate was incubated at 4 C with gentle mixing for 30 min and then transferred to fresh 1.5 mL eppendorf tubes containing 20 mL of Pierce Anti-HA Agarose beads (ThermoFisher; cat.no. #26181). Lysate was incubated with beads for at least 3 h at 4 C. After incubation, beads were collected by gentle centrifugation (500 x g for 1 min at 4 C). Lysate was discarded and beads were washed with wash buffer (50 mM Tris pH 7.4, 150 mM NaCl, 0.1% Triton X-100, 1 mM EDTA). After three washes, RNase-treated beads were treated once more with the RNase mix consisting of 10 mL of RNase A (10 mg/mL, ThermoFisher; #EN0531) and 1 mL of RNase I (stock 100 U/mL, ThermoFisher; #AM2295) in 90 mL of TBS (20 mM Tris, 150 mM NaCl, pH 7.6) for 15 min. on ice. Beads were washed 2 more times with the wash buffer, transferred to the fresh 1.5 mL eppendorf tubes and 40 mL of 2x Laemmli buffer (4% SDS, 20% glycerol, 120 mM Tris-HCl pH 6.8, 10% b-mercaptoethanol, 0.02% bromophenol blue) was added. Beads were boiled at 95 C for 5 minutes and stored at À20
C. Co-immunoprecipitations were examined by western blotting.
Isolation of human YTHDC2 complexes from transfected cells for mass spectrometry After transfection of cells for 72h, the 10 cm dishes were washed thrice with ice cold PBS, and 1 mL of lysis buffer [20 mM Tris pH 7.4, 150 mM NaCl, 0.5% Triton X-100, 0.1% sodium deoxycholate, 1 mM EDTA, 1mM DTT, protease inhibitor (Complete Protease Inhibitor Cocktail Tablet; Roche, cat. no. 5056489001)] was added to the cells. Cells were removed from their growth surface using a cell scraper (Costar; cat. no. 3010) and transferred to 1.5 mL eppendorf tubes. Cell lysate was passed 5 times through a 26 G needle (B. Braun Medical; #466-5457) and kept on ice for 15 min. The total cell lysate was spun at 12,000 x g for 10 min at 4 C. After centrifugation, the cleared lysate was transferred to a fresh tube and 10 mL of RNase A (10 mg/mL, ThermoFisher; #EN0531) and 1 mL of RNase I (stock 100 U/mL, ThermoFisher; #AM2295) was added to the tubes. Lysate was incubated at 4 C with gentle mixing for 30 min and then transferred to fresh 1.5 mL eppendorf tubes containing 15 ml of Anti-FLAG M2 Magnetic Beads (Sigma; cat. no. M8823). Lysate was incubated with beads for at least 3 h at 4 C. After incubation, the lysate was removed and beads were washed 5 times with wash buffer (50 mM Tris pH 7.4, 150 mM NaCl, 0.1% Triton X-100, 1 mM EDTA). Beads were transferred to fresh tubes and incubated at 4 C for 30 min. with rocking (1200 rpm. 15 s., 0 rpm. 30 s.) with 150 mL of elution buffer [150 mg/mL 3xFLAG peptide trifluoroacetate salt (BACHEM; cat. no. H-7536), 50 mM Tris pH 7.4, 150 mM NaCl]. Incubation was repeated two more times (three times in total). Next, the eluate was incubated overnight at 4 C with 15 mL of Anti-HA Affinity Matrix beads (Roche; cat. no. 11815016001). Next day, beads were collected by gentle centrifugation (500 x g for 1 min at 4 C) and the supernatant was discarded. Beads were washed 3 times with wash buffer (50 mM Tris pH 7.4, 150 mM NaCl, 0.1% Triton X-100, 1 mM EDTA) and treated with the mix of RNases consisting of 10 mL of RNase A (10 mg/mL, ThermoFisher; #EN0531) and 1 mL of RNase I (100 U/mL; ThermoFisher, #AM2295) in 90 mL of TBS (20 mM Tris, 150 mM NaCl, pH 7.6). for 15 min. on ice. Subsequently, beads were washed two more times with the wash buffer, transferred to fresh 1.5 mL eppendorf tubes and 40 mL of 2x Laemmli buffer (4% SDS, 20% glycerol, 120 mM Tris-HCl pH 6.8, 10% b-mercaptoethanol, 0.02% bromophenol blue) was added. Beads were boiled at 95 C for 5 minutes and stored at À20 C. Samples were sent for analysis at the Functional Genomics Center Zurich (ETH Zurich) for shotgun mass spectrometry analysis. Database searches were performed using the Mascot (SwissProt, human) search program. Applied settings were: 1% protein false detection rate (FDR), min. 2 peptides per protein, 0.1% peptide FDR. The top hits obtained are presented (Figures S1G and S1H) . Presented protein hits are the top 10 with the highest number of peptides in the hYTHDC2 immunopurification samples and with no more than 5 peptides in the negative control FLAG-HA-GFP samples ( Figure S1H ). Exclusive Unique Peptide Count shown. Protein threshold: 1% FDR; min. peptides: 2; Peptide threshold: 0.1% FDR.
Isolation of endogenous YTHDC2 protein complexes from mouse testes Two adult (P60) mouse testes were cut into pieces using a scalpel blade and put into separate 1.5 mL eppendorf tubes. Approximately, 500 mL of ice cold lysis buffer [20 mM Tris pH 7.4, 150 mM NaCl, 0.5% Triton X-100, 0.5% sodium deoxycholate, 1mM DTT, protease inhibitor (Complete Protease Inhibitor Cocktail Tablet, Roche; cat. no. 5056489001) and the RNase inhibitor vanadyl ribonucleoside complex (Sigma; cat. no. 94742)] was added to the tubes. Testes were dounced 15 times using a plastic pestle and left on ice for 10 min. After this incubation, testes lysates were diluted with 500 mL of dilution buffer [20 mM Tris pH 7.4, 150 mM NaCl, 0.5% Triton X-100, 1mM DTT, protease inhibitor (Complete Protease Inhibitor Cocktail Tablet; Roche, cat. no. 5056489001) and the RNase inhibitor vanadyl ribonucleoside complex (Sigma; cat. no. 94742)] to decrease sodium deoxycholate concentration to 0.25%. Tubes were then centrifuged for 5 min. at 14000 x g at 4 C and the supernatant was transferred to fresh tubes and centrifugation was repeated. Next, supernatants from both tubes were pooled together into one 2 mL eppendorf tube, 50 mL of the lysate was taken for the input control and rest was kept on ice.
To prepare the antibody-beads mix, 25 mL of Protein G Sepharose 4 Fast Flow beads (GE Healthcare; cat. no. 17061801) was transferred to four 1.5 mL eppendorf tubes and washed 5 times with 20 mM sodium phosphate, pH 7.0. To couple antibodies to beads, 100 ml of anti-YTHDC2 antibody (Santa Cruz; cat. no. sc-249370) or 50 mL of mouse IgG control antibody (Santa Cruz; cat.no. sc-2025) , equivalent to 20 mg of antibody, and 400 mL of 20 mM sodium phosphate, pH 7.0 was added to the Protein G beads and incubated in a thermoblock for 1h at 4 C with shaking (15 s. 1200 rpm, 30 s. rest). To pre-clear the lysates prepared above, 30 ml of Protein G beads was transferred to the four 1.5 mL eppendorf tubes and 480 mL of lysate was transferred to each of these tubes. RNase mix consisting of 10 mL of RNase A (10 mg/mL, ThermoFisher; #EN0531) and 1 mL of RNase I (100 U/mL, ThermoFisher; #AM2295) was added to one of tubes (+RNase) and 5 mL of RNaseOUT Recombinant Ribonuclease Inhibitor (ThermoFisher, cat.no. 10777019) to the second tube. The four 1.5 mL eppendorf tubes were incubated with Protein G beads for 30 min. at 4 C for pre-clearing of lysate. After preclearing, eppendorf tubes containing lysates and Protein G beads were spun down to pellet the beads (800 x g, 1 min., 4 C) and the supernatant was transferred to the tubes with Protein G beads incubated with antibodies (sitting in a volume of $500 mL). Lysates were incubated with antibody-bound Protein G beads for 3 h at 4 C with rotation. After that time, tubes were gently spun down to pellet the beads (800 x g, 1 min., 4 C), supernatant was removed and beads were washed with wash buffer (20 mM Tris pH 7.4, 150 mM NaCl, 0.5% Triton X-100, 1 mM EDTA). Washing was repeated 3 more times. Then, the RNase mix consisting of 10 mL of RNase A (10 mg/mL, ThermoFisher; #EN0531) and 1 mL of RNase I (100 U/mL, ThermoFisher; #AM2295) in 90 mL TBS was added to the tube containing RNase-treated sample and incubated on ice for 15 min., other samples were kept on ice in the wash buffer. Beads were washed 2 more times with the wash buffer, they were transferred to the fresh 1.5 mL eppendorf tubes and 40 mL of 2x Laemmli buffer (4% SDS, 20% glycerol, 120 mM Tris-HCl pH 6.8, 10% b-mercaptoethanol, 0.02% bromophenol blue) was added. Beads were boiled at 95 C for 5 minutes and stored at À20 C. Samples were sent to the Functional Genomics Center Zurich (ETH Zurich) for the shotgun mass spectrometry analysis. Database searches were performed using the Mascot (SwissProt, mouse) search program. Applied settings: 1% protein false detection rate (FDR), min. 1 peptides per protein, 0.1% peptide FDR. Presented protein hits are the top 10 with the highest number of peptides in the mYTHDC2 immunopurification samples and with no more than 5 peptides in the negative control (normal mouse IgG) samples ( Figure S1G ).
Multiple tissue lysates
Tissues were extracted from euthanized mice, flash-frozen in liquid nitrogen, and kept at À80 C until extract preparation. Tissues were lysed using a cell disruptor (Janke & Kunkel; IKA-WERK) in 1 mL of lysis buffer [10% glycerol, 50 mM Tris-HCl, pH8.0, 150 mM NaCl, 5 mM MgCl2, 0.5% sodium deoxycholate, 1% Triton X-100, complete protease inhibitor cocktail (Roche; cat. no. 5056489001)]. After disruption, SDS was added to a final of 2% and gently sonicated for 10 s to breakdown genomic DNA. Aliquots were frozen in À80 C and separated by 8% SDS-PAGE, transferred to a nitrocellulose membrane and probed with antibodies.
Western Blot
Whole cell lysates were separated on SDS-PAGE gels in order to detect proteins of interest. In short, SDS-PAGE gels were prepared using Ultra-Pure ProtoGel 30% acrylamide (37.5:1) (National Diagnostic; cat. no. EC-890) mixed with ultra-pure water and resolving gel buffer to obtain 8% resolving gel (0.375 M Tris, 0.1% SDS, pH 8.8), and with stacking gel buffer to obtain 8% stacking gel (0.125 M Tris, 0.1% SDS, pH 6.8). N,N,N',N'-Tetramethylethylendiamin (Merck, cat. no. 1107320100) and 10% ammonium persulfate were added to catalyze the polymerization reaction. Gel electrophoresis was performed at 90 V for 30 min. and then at 120 V for 90 min. After separation, proteins were blotted on the Amersham Protran 0.45 mm nitrocellulose membrane (GE Healthcare; cat. no. 10600002) overnight at 5 V at room temperature using Trans-Blot SD. Semi-Dry Transfer Cell system (Bio-Rad; cat. no. 1703940). After transfer, membranes were washed with Tris-buffered saline (TBS, 20 mM Tris, 150 mM NaCl, pH 7.6) and blocked for 1 h at room temperature with 5% dry milk in TBS with 0.05% Tween20 (TTBS) (SIGMA; cat. no. P7949). After 1 h, membranes were incubated with primary antibody: anti-XRN-1 (abcam; ab70259) 1:500; anti-YTHDC2 (sc-249370) 1:500; anti-TUBULIN (ab6046) 1:2000; anti-MVH (ab13840) 1:500; anti-GAPDH (ab9484); anti-HA (sc-805) 1:500 for 1 h at RT in 5% milk with TTBS. Then, membranes were washed 5 times for 5 minutes with TTBS and incubated with HRP-conjugated secondary antibody at 1:10 000 dilution, either with anti-rabbit IgG HRP-linked (GE Healthcare; NA934) or anti-goat IgG HRP-linked (Abcam; ab97110) for 1 h at RT in 5% milk in TTBS. After 1 h membranes were washed 5 times for 5 minutes with TTBS followed by 3 washes for 5 minutes with TBS and incubated with one of detection reagents: Amersham Prime Western Blotting Detection Reagent (GE Healthcare; RPN2232), SuperSignal West Femto Maximum Sensitivity Substrate (ThermoFisher; cat. no. 34095) or Pierce ECL 2 Substrate (ThermoFisher; cat. no. 1896433A) for 5 min. at room temperature. Signal was detected using Amersham Hyperfilm ECL (GE Healthcare; cat. no. 28906837). The processed films were scanned using Perfection 3200 Photo scanner (Epson) with XSane image scanning software (ver. 0999).
Histology and Immunofluorescence
Histology of mouse tissue sections To prepare the paraffin sections, isolated testes or ovaries were fixed in Bouin's solution (Sigma, cat. No HT10132) overnight at room temperature. Samples were transferred into the embedding cassettes (Simport; cat. no. M508-3) and subsequently washed for 1h in tap water and then transferred to 1x PBS. Specimens were sent to the histology platform (CMU, University of Geneva) where they were dehydrated in 70% (2 3 2h), 90% (1h), 95% (1h) and 100% ethanol (3 3 30 min) followed by incubation in HistoSAV-xylolersatz (3 times 30 min; Biosystems). The solution was removed and replaced with paraffin, and incubated at 56-58 C. Testes were then transferred into plastic molds (Polysciences mold S-22; NC0397999) filled with paraffin, and paraffin was allowed to solidify at room temperature. The sections ($5 mm thickness) were cut using microtome (Leica RM2135) and mounted on the Superfrost Plus microscope slides (Thermo Fisher; cat no. 4951PLUS4). The sections were allowed to stretch for 24 h at 42 C and then were stored at room temperature.
For histological analysis, the slides containing the paraffin sections were placed in a glass slide holder filled with HistoSAV (3 3 5 min) to remove the paraffin. For rehydration, the slides were incubated in 3x 100% ethanol, 96% ethanol, 70% ethanol, 50% ethanol and water (3 min for each step). Sections were stained with Hematoxylin solution (Merck) for 3-5 min and rinsed in running tap water. Then, sections were stained with Eosin Y solution (Sigma Aldrich; cat. no. E4382) for 3 to 5 min and washed with water. For dehydration, the sections were incubated in 50% (30 s), 70% (30 s), 96% (30 s), 100% ethanol (2 min) and HistoSAV (3 3 3 min). Few drops of Neo-Mount (Merck) were deposited on the sections and immediately covered with coverslips.
The histology staining for p0 ovaries were done on a 7 mm thick cryosections similarly as described above skipping the step of paraffin removal and instead incubating the slides in formaldehyde 4% w/v (Carlo Erba; cat. no. 524920) for 5 min. Pictures were taken using microscope AXIO Imager M2 (Zeiss). Immunofluorescence of mouse tissue sections Collected testes and ovaries were washed in PBS and immediately fixed in 10 mL of 2% paraformaldehyde at 4 C for 3 hours on a rotating wheel. Tissues were washed twice in 1x PBS and dehydrated in 15% sucrose in 1x PBS for almost 3 hours (till the testes/ ovaries sink to the bottom of the falcon tube). After a further dehydration step in 30% sucrose overnight, tissues were embedded in a cryomold (Tissue-Tek) filled with Andwin Scientific Tissue-Tek CRYO-OCT Compound (Fisher Scientific, ) and frozen on dry ice. Embedded tissues were cut at histology platform (CMU, University of Geneva) using cryostat (Leica CM3050).
